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Abstract Goldenseal (Hydrastis canadensis L.) is a
medicinal plant valued for the treatment of sore eyes
and mouths. Although cultivation of the plant has
helped meet growing demand, goldenseal is still
considered a threatened or endangered species
throughout much of its range in North America. In
an effort to assess possible conservation strategies for
goldenseal genetic resources, levels of genetic diver-
sity within and among cultivated and wild populations
were quantified. RAPD analysis was used to examine
six cultivated and 11 wild populations sampled from
North Carolina, Ohio, Pennsylvania, and West Vir-
ginia. The average percentage of polymorphic bands
in cultivated and wild populations was low (16.8 and
15.5 %, respectively), and geographic range did not
predict the level of genetic diversity. Most of the
genetic variation (81.2 %) was within populations;
only 3.6 % was partitioned between cultivated and
wild populations. Our results differed from a previous
study which concluded that genetic differences were
greater among than within populations. The results of
the current study indicate that, although goldenseal
grows clonally and in dense patches, a mixed mating
system in which both selfing and outcrossing occur is
also operating. We therefore suggest that the ex situ
conservation of individual plants within populations,
chosen carefully to account for clonal propagation
in situ, is an appropriate strategy for sustaining the
genetic diversity of goldenseal.
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Introduction
Goldenseal (Hydrastis canadensis L.), a valued
medicinal plant, is an herbaceous perennial species
in the buttercup family (Ranunculaceae). Mature
plants, which are 6–14 in. tall, have two or more erect
hairy stems that usually end in a branched fork with
two leaves. Each plant can produce a single, aggregate
fruit that turns red upon seed maturity. The goldenseal
plant is found in thick hardwood forests throughout the
Northeastern United States and Canada. In the United
States, goldenseal grows as far north as Vermont, to as
far south as Alabama, and to as far west as Kansas
(Davis 1999). Throughout history and depending on
locality, the goldenseal plant has had several common
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names, including yellow root, orangeroot, ground
raspberry, yellow puccoon, wild circuma, eye-balm,
yellow paint, wild turmeric, and yellow eye (Davis and
McCoy).
The bright yellow root, which is high in the alkaloid
berberine, is traditionally used as an antibacterial to
treat inflamed mucous membranes of the mouth,
throat, and digestive system (Foster and Duke 1990).
The US Forest Service listed goldenseal as the second
most popular medicinal herb worldwide (Robbins
1999). The majority of goldenseal root comes from
wild populations in North America (HRF 2000) that
are dwindling due to over-harvesting (Davis 1999). In
1997, goldenseal was listed in Appendix II of the
Convention for International Trade on Endangered
Species (CITES 1997), a move intended to monitor
trade in the plant and curtail harvest practices incom-
patible with species survival. According to Foster
(2011), approximately 113,000 kg of goldenseal are
harvested each year. This amount was an increase
from the 41,000 kg of goldenseal harvested in 2005
(AHPA 2007), suggesting that demand for the crop is
increasing at a rapid rate.
Although goldenseal has been cultivated since the
early 1900s (Davis and McCoy 2000), renewed
interest in cultivation has arisen in attempts to meet
demand. Currently, some goldenseal is being success-
fully cultivated, but the quantity is only about 23 % of
the total goldenseal harvest (Dentali and Zimmerman
2012). The slow growth rate of this species and
continued overharvest of wild populations, limits the
availability and recovery of the plant in natural
habitats. In Ohio, nearly half of all documented
goldenseal populations in the plants central habitat
area has been overharvested, destroying the plant
stands (Mulligan and Gorchow 2004). As a conse-
quence, some unquantifiable amount of genetic diver-
sity within this species has most likely been lost.
Studies of diversity are useful for understanding the
genetic structure of populations and for developing
conservation strategies targeted at appropriate levels
(population, individual, or ecotype). For example, in
Eryngium alpinum L., an endangered species in the
European Alps, the relatively high genetic differenti-
ation among populations indicated that conservation
measures should save a maximum number of popula-
tions (Gaudeul et al. 2000). In contrast, the endangered
Piperia yadonii R. Morgan et Ackerman retained
only a modest amount of genetic variation among
individuals within extant populations, indicating the
best conservation method for this species would be
through the preservation and expansion of habitat at
each site to enable the natural development of
populations (George et al. 2009). The use of various
molecular marker techniques (RAPD, AFLP, ISSR,
and SSR) during the last few decades has provided
rapid and reliable information on genetic diversity,
allowing such analyses to be undertaken in species
such as goldenseal in which no previous genetic work
has been conducted.
Life history, geographic range, and breeding sys-
tem often have significant effects on the partitioning of
genetic diversity within and among plant populations
(Brown 1989; Hamrick 1983; Loveless and Hamrick
1984). For example, allele frequencies at isozyme loci
in inbreeding and outcrossing plant species can be
analyzed to examine intraspecific variation in gene
diversity (Brown 1978; Schoen and Brown 1991). In
comparison with out breeders, inbreeding species
show markedly greater variation among populations in
average values of Nei’s gene diversity statistic.
Goldenseal grows clonally, typically in dense patches,
although a mixed mating system in which both selfing
and outcrossing occur at roughly equal frequencies has
been observed (Sanders 2004). Comparing the genetic
diversity within cultivated and wild populations is a
means of assessing inheritance state in cultivated and
wild populations. In general, levels of genetic varia-
tion in cultivated populations are significantly lower
than in wild populations (Lam et al. 2010; Mandel
et al. 2011; Miller and Schaal 2006) in relation to the
extent of population bottlenecks that have occurred
during the domestication process, a widespread phe-
nomenon in crop species (Doebley et al. 2006).
Because some biological and ecological questions
remain unanswered, or, at best, only partially answered
in goldenseal (for example, population size, demo-
graphics, and genotypic variation), developing cultiva-
tion and conservation strategies for the species has been
difficult. Few molecular marker studies have been done
in goldenseal (Kelley 2009; Zhou and Sauve 2006),
however, such knowledge is needed to sustain the
species. Our study assessed the level of genetic
diversity in goldenseal populations, comparing culti-
vated and wild populations in an effort to gain insight as
to the most appropriate conservation, harvesting, prop-
agation, and cultivation strategies for preserving the
species.
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Materials and methods
Plant materials
Goldenseal plants from 17 populations located in
North Carolina, Ohio, Pennsylvania, and West Vir-
ginia were used in this study (Fig. 1). Collection sites
were documented from Global Positioning System
(GPS) data taken at time of sample collection.
Populations were classified as either cultivated or
wild type (Table 1). At each collection site, leaf tissue
from 5 to 10 plants representative of the plant popu-
lation were randomly gathered from individual plants
during a walk through the plant population in August,
2003. The collected leaf tissue was dried in silica gel
and stored at room temperature until subjected to DNA
extraction by using a modified CTAB method (Xie
et al. 1999).
PCR amplification
A total of 10 decamer primers were used in the RAPD
analysis (AA1: AGACGGATCC, AA2: GAGACCA-
GAC, AA3: TTAGCGCCCC, AA4: AGGACTGCTC,
AA5: GGCTTTAGCC, AA6: GTGGGTGCCA, AA7:
CTACGCTCAC, AA8: TCCGCAGTAG, AA9: AGAT
GGGCAG, AA10: TGGTCGGGTG). DNA amplifi-
cation was done in a RoboCycler Gradient 96
(Stratagene, Agilent Technologies Inc., Santa Clara,
CA), using a 20 lL volume containing 20 ng genomic
DNA template (1 lL), 2 lL 10 9 reaction buffer,
0.4 lL of dNTPs (each 10 mM), 0.4 lL (20 pmol) of
primer and 0.1 lL (0.5 U) of Taq DNA polymerase
(New England BioLabs Inc., Ipswich, MA). The
RAPD markers were amplified under the following
PCR conditions: 1 cycle of 94 C for 2 min; 40 cycles
of 94 C for 30 s, 36 C for 1 min, and 72 C for
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Fig. 1 Geographic distribution of Hydrastis canadensis populations sampled in the present study
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2 min; 1 cycle of 72 C for 7 min; and a 4 C holding
step.
The PCR products were electrophoresed in 1.8 %
agarose gel in TAE buffer. The gel was stained with
ethidium bromide and visualized by illumination with
UV light with a Fujifilm Luminescent Image Analyzer
LAS-3000 (Fujifilm Holdings Corporation, Minatoku,
Tokyo, Japan).
Data analysis
RAPD products were scored as 1 for presence and 0
for absence of bands. Genetic diversity was estimated
by the percentage of polymorphic bands (PPB),
determined by dividing the number of polymorphic
bands within a population by the total number of bands
surveyed. Within-population diversity values were
calculated with Nei’s unbiased diversity statistic (Nei
1987). A agglomerative clustering dendrogram, con-
structed with POPGENE version 1.31 (Yeh et al.
1997) using an unweighted pair group method with
arithmetic mean (UPGMA), was chosen to show the
relationships among populations based on Nei’s
genetic distance (Nei 1978). A second, additive-tree
clustering dendrogram (Fitch-Margoliash) was also
constructed to account for any irregular evolution
between cultivated and wild populations.
To describe population structure and variability
among populations, the nonparametric Analysis of
Molecular Variance (AMOVA) procedure was used as
described in Excoffier et al. (1992), where the
variation was partitioned among individuals within
populations, among populations within groups, among
groups (cultivated and wild), and among states (North
Carolina, Ohio, Pennsylvania, and West Virginia)
with ARLEQUIN software Ver. 3.5.1.2 (Excoffier and
Lischer 2010).
Results
RAPD polymorphism
Of the 10 primers that we tested, two (AA5 and AA8)
failed to amplify any bands in our samples. From the
eight productive primers, we could detect 83 distinct
bands. Of those, 23 bands ranging in size from 400
to 1,500 bp were polymorphic among 155 plants
Table 1 Sampled populations
and polymorphic bands in
goldenseal
a The population names were
assigned to distinguish among
the samples and to indicate the
geographic origin, but no other
relationship to the sample; all
samples were collected during
August, 2003. Note, the CNC1
and CNC2 samples are a
mixture of cultivated plants
that originated from several
sources of wild plants
b A total of 83 bands were
detected in the present study
Studied populationsa Location Sample size
(No. of plants)
Polymorphic bandsb
No. of bands %
Cultivated 16.8
CNC1 North Carolina 10 13 15.6
CNC2 North Carolina 10 13 15.6
COH1 Ohio 10 19 22.8
COH2 Ohio 6 7 8.4
COH3 Ohio 10 18 21.6
COH4 Ohio 10 14 16.8
Wild 15.5
WPA1 Pennsylvania 10 16 18.0
WPA2 Pennsylvania 10 14 16.8
WPA3 Pennsylvania 10 10 12.0
WPA4 Pennsylvania 10 12 14.4
WPA5 Pennsylvania 5 8 9.6
WWV1 West Virginia 10 15 18.0
WWV2 West Virginia 8 12 14.4
WWV3 West Virginia 10 12 14.4
WWV4 West Virginia 7 9 10.8
WWV5 West Virginia 10 17 20.4
WWV6 West Virginia 9 18 21.6
Total 155 23 27.7
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(Table 1) and scored for further analysis. Each plant
within the 17 populations had a unique genotype,
except for two individuals from the wild Pennsylvania
population (WPA2), which had identical genotypes
at all 23 loci. No population-specific bands were
detected, however, one marker (AA6-1) amplified in
all populations except those from Pennsylvania.
Marker AA7-1 amplified in only four populations
from Ohio (COH5 and 6) and West Virginia (WWV6
and 11). Marker AA4-3 had no amplification within
three of the Pennsylvania populations (WPA1, 2, and
3), but was present in all individuals of the other two
Pennsylvania populations (WPA4 and 5) (data not
shown).
For each population and each habitat (cultivated and
wild), the average PPB of cultivated and wild populations
(16.8 and 15.5 %, respectively) and of each state
population (North Carolina = 15.6 %, Ohio = 17.4 %,
Pennsylvania = 14.2 %, and West Virginia = 16.6 %)
were not significantly different (t test).
The genetic structure of populations
An overall assessment of distribution of diversity
within populations, among populations within groups,
among groups (cultivated and wild), and among states
(North Carolina, Ohio, Pennsylvania, and West Vir-
ginia), using AMOVA tests conducted twice from the
distance matrix (Table 2). The first AMOVA showed
more highly significant (P \ 0.001) genetic differences
within populations than among populations and among
groups (Table 2). Of the total genetic diversity, 81.2 %
was attributable to differences between individuals
within a population, only 15.3 and 3.6 % to among
population and group differences, respectively. The
second AMOVA compared difference among states
and indicated that only 5.1 % of the total genetic
diversity resided in differences among states (Table 2).
To represent the relationships among populations,
geographical differences and habitat (cultivated and
wild), cluster analysis (UPGMA) was used to generate
a dendrogram based on pairwise distances between
populations (Fig. 2). The use of the Fitch-Margoliash
cluster analysis produced a clustering pattern similar
to the UPGMA. The wild populations that were
geographically close (WWV8 and WWV9; WPA4 and
WPA5) were separated into the same cluster, however,
cultivated populations showed clusters without geo-
graphic relevance. Nature and habitat were not clearly
separated in UPGMA, which corroborates the results
of AMOVA, indicating little genetic differentiation
between nature and habitat.
Table 2 Analysis of molecular variance (AMOVA)
Source of variationa df Sum of squares Variance components Percentage of variation P value
Among populations
Within groups
15 34.36 0.18865 15.25 \0.001
Within populations 96 86.33 0.89924 81.18 \0.001
Cultivated versus wild 1 3.57 0.03949 3.57 0.067
Among states 3 5.06 0.05572 5.06 0.032
a The analysis includes total of 155 individual goldenseal samples
WWV 10
WWV 11
CNC 1
CNC 2
COH 3
COH 4
COH 5
COH 6
WPA 1
WPA 2
WPA 3
WPA 4
WPA 5
WWV 6
WWV 7
WWV 8
WWV 9
1.00
Fig. 2 Dendrogram of 17 wild and cultivated populations of
goldenseal. The dendrogram was constructed by using the
UPGMA clustering algorithm based on differences at 23
polymorphic RAPD bands
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Discussion
The similarity of PPBs and the low number of genetic
differences between cultivated and wild populations
of goldenseal observed in our study, strongly suggests
similar genetic content within the cultivated and wild
populations. This result is not surprising given that the
original plants in cultivated populations were
undoubtedly vegetatively propagated from wild pop-
ulations. Indeed, the commonality of marker AA7-1 to
both the Ohio and the West Virginia populations
suggests that the original source of cultivated golden-
seal plants in Ohio populations could have come from
a wild population in West Virginia or from a similar,
but unknown, wild population in Ohio.
The relatively high levels of variance observed
within populations suggest that plant reproduction
within populations involves seed production. In con-
trast, the relatively low level of variance among
populations suggests that limited pollen movement
between populations restricts any genetic flow from one
isolated population to another in accordance with
Sanders’ hypothesis (2004). Support for these limits
on genetic variability within goldenseal is strengthened
by the presence of identical DNA marker patterns
observed within a population. While separate popula-
tions could normally be expected to evolve sustainably,
the woodland forest habitat of goldenseal is a largely
stable environment, and such an environment would
reduce the pressure to select a variety of ecotypes.
AMOVA analysis, in which geographically close
populations were grouped together, showed similar
proportions of total genetic variance as the original
AMOVA, suggesting that geographical range could
not predict the level of genetic diversity for the
goldenseal. Nevertheless, some geographical differ-
ences were observed. For example, all of the Penn-
sylvania populations showed population-specific
marker distributions (including a lack of amplification
of two markers, AA6-1 and AA7-1). Another marker,
AA4-3 amplified in all WPA4 and 5 individuals, but
not in WPA1, 2, and 3 plants, most likely due to a
genetic bottleneck that occurred in the Pennsylvania
populations WPA1, 2, and 3, as opposed to genetic
drift that could cause marker-specific differences
among these populations.
Our results support a genetic fingerprinting study
(using AFLP markers) by Zhou and Sauve (2006) who
examined seven goldenseal accessions from three
neighboring states (Georgia, Tennessee, and Florida)
to the south and west of our study area, observing a
genotypic similarity among accessions that ranged from
0.50 to 0.95. Although a limited number of samples
were used, Zhou and Sauve (2006) indicated that two
sampled Florida goldenseal accessions were closely
related to goldenseal accessions collected in Georgia
and Tennessee. The accessions in the Zhou and Sauve
(2006) investigations, however, do not provide any
information on genetic diversity within an accession.
The plants used to establish the North Carolina
cultivated populations (NC1 and NC2) were collected
from throughout the sampling area used in the current
study (Davis 2011, personal communication). Thus,
the current data set, although obtained from a limited
number of plants growing in a relatively narrow
geographic area, could reflect the level of genetic
diversity of goldenseal in North America. Such a
model is probable due to goldenseal populations being
highly isolated with limited pollen flow between
populations (Sanders 2004), and diversity being
primarily based within populations. These limiting
factors make any natural increase in genetic diversity
of North American goldenseal highly unlikely.
Because of the endangered nature of this species,
available sample populations for this study were
restricted on public and private lands to protect
habitats and populations. If a larger scale study were
feasible, more detailed estimates of genetic diversity
levels in goldenseal could be obtained. Nevertheless,
the current study at the molecular level provides
valuable insight into the limited diversity among
natural goldenseal populations in Pennsylvania and
West Virginia and suggests the conservation of
goldenseal populations is important for maintaining
present levels of genetic diversity.
Acknowledgments We thank Dr. Sarah Bacon and Dr. Craig
Woodard of the Biology Department at Mount Holyoke College
for their laboratory assistance. We are also grateful to
Dr. Suzanne Sanders and Dr. Eric Burkart for finding plant
samples, and to Dr. Jeanine Davis, of North Carolina State
University, and Dr. Edward Fletcher, Strategic Sourcing Inc.,
for plant samples. The manuscript benefited greatly from
discussion with Dr. Hongwei Cai, of China Agricultural
University. We thank Sigma Xi for funding travel expenses
to collect samples. This manuscript (Paper No. 3462) is based
upon work supported by the Cooperative State Research
Extension, Education Service, US Department of Agriculture,
The Massachusetts Agricultural Experiment Station, and the
Stockbridge School of Agriculture under Project No. MA
S000729.
1206 Genet Resour Crop Evol (2013) 60:1201–1207
123
References
AHPA (2007) Tonnage survey of select North American wild
harvested plants, 2004–2005. American Herbal Products
Association, Silver Springs
Brown AHD (1978) Isozymes, plant population genetic struc-
ture and genetic conservation. Theor Appl Genet 52:
145–157
Brown AHD (1989) Genetic characterization of plant mating
systems. Sinauer Associates, Sunderland
CITES (1997) Tenth meeting of the conference of the parties,
Flora Appendix II. Convention on international trade in
endangered species of wild Fauna and Flora, Harare,
Zimbabwe. Accessed at http://www.cites.org/eng/app/
appendices.php. Accessed 18 September 2011
Davis JM (1999) Forest production of goldenseal. In: USDA
Forest Service UNRCS (ed) Agroforestry note. University
of Nebraska, Lincoln, pp 1–4
Davis JM, McCoy JA (2000) Commercial goldenseal cultiva-
tion. Horticulture information leaflets. North Carolina
State University, Raleigh
Dentali S, Zimmerman M (2012) Tonnage surveys of select North
American wild-harvested plants, 2006–2012. American
Herbal Products Association (AHPA), Silver Springs
Doebley JF, Gaut BS, Smith BD (2006) The molecular genetics
of crop domestication. Cell 127:1309–1321
Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: a new
series of programs to perform population genetics analyses
under Linux and Windows. Mol Ecol Resour 10:564–567
Excoffier L, Smouse PE, Quattro JM (1992) Analysis of
molecular variance inferred from metric distances among
DNA haplotypes—application to human mitochondrial-
DNA restriction data. Genetics 131:479–491
Foster S (2011) Goldenseal’s future. Goldenseal (Hydrastis canad-
ensis) monograph. Stephen Foster Group, Eureka Springs,
http://www.stevenfoster.com/education/monograph/golden
seael.html Accessed 22 Sept 2011
Foster S, Duke JA (1990) A field guide to medicinal plants:
eastern and central North America. Houghton Mifflin
Company, Boston
Gaudeul M, Taberlet P, Till-Bottraud I (2000) Genetic diversity
in an endangered alpine plant, Eryngium alpinum L.
(Apiaceae), inferred from amplified fragment length
polymorphism markers. Mol Ecol 9:1625–1637
George S, Sharma J, Yadon VL (2009) Genetic diversity of
the endangered and narrow endemic Piperia yadonii
(Orchidaceae) assessed with ISSR polymorphisms. Am J
Bot 96:2022–2030
Hamrick JL (1983) The distribution of genetic variation within
and among natural plant populations. In: Chambers S,
Schonewald-Cox C (eds) Genetics and wild population
management. Addison-Wesley, New York, pp 335–348
Herb Research Foundation (HRF) (2000) Market report on herbs
and spices. Herb market report—April 2000. In: A-SNAPP
online. http://www.herbs.org/africa/marketreport0400.html.
Accessed 22 September 2011
Kelley JK (2009) Genetic variability in Hydrastis canadensis L.
using RAPD analysis. Dissertation, University of Massa-
chusetts, Amherst
Lam HM, Xu X, Liu X, Chen WB, Yang GH, Wong FL, Li MW,
He WM, Qin N, Wang B, Li J, Jian M, Wang JA, Shao GH,
Wang J, Sun SSM, Zhang GY (2010) Resequencing of 31
wild and cultivated soybean genomes identifies patterns of
genetic diversity and selection. Nat Genet 42:1053–1059
Loveless MD, Hamrick JL (1984) Ecological determinants of
genetic-structure in plant populations. Annu Rev Ecol Syst
15:65–95
Mandel J, Dechaine J, Marek L, Burke J (2011) Genetic diver-
sity and population structure in cultivated sunflower and a
comparison to its wild progenitor, Helianthus annuus L.
Theor Appl Genet 123:693–704
Miller AJ, Schaal BA (2006) Domestication and the distribution
of genetic variation in wild and cultivated populations of
the Mesoamerican fruit tree Spondias purpurea L. (Ana-
cardiaceae). Mol Ecol 15:1467–1480
Mulligan MR, Gorchow DL (2004) Population loss of golden-
seal, Hydrastis canadensis L. (Ranunculaceae), in Ohio.
J Torrey Botanical Society 131:305–310
Nei M (1978) Estimation of average heterozygosity and genetic
distance from a small number of individuals. Genetics
89:583–590
Nei M (1987) Molecular evolutionary genetics. Columbia
University Press, New York
Robbins C (1999) Medicine from US wildlands: an assessment
of native plant species harvested in the United States for
medicinal use and trade and evaluation of the conserva-
tion and management implications. TRAFFIC North
America, http://www.nps.gov/plants/medicinal/pubs/traffic.
html Accessed 24 Oct 2011
Sanders S (2004) Does breeding system contribute to rarity of
goldenseal (Hydrastis canadensis)? Am Midl Nat 152:
37–42
Schoen DJ, Brown AHD (1991) Intraspecific variation in pop-
ulation gene diversity and effective population-size cor-
relates with the mating system in plants. Proc Natl Acad Sci
USA 88:4494–4497
Xie ZW, Song GE, Hong DY (1999) Preparation of DNA from
silica gel dried mini-amount of leaves of Oryza rufipogon
for RAPD study and total DNA bank construction. Acta
Bot Sin 41:807–812
Yeh FC, Yang RC, Boyle T (1997) POPGENE, version 1.21:
software microsoft window-based freeware for population
genetic analysis. University of Alberta, Edmonton
Zhou S, Sauve RJ (2006) Genetic fingerprinting of goldenseal
(Hydrastis canadensis L. [Ranunculaceae]) using AFLP
markers. Native Plants Journal 7:72–77
Genet Resour Crop Evol (2013) 60:1201–1207 1207
123
